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Atty. Docket: CME/03-001 
PUMP AND METHOD OF PUMP CONTROL 

CROSS-REFERENCE TO RELATED APPLICATION 

^489,™'^^?|rS^Jf V ^ ****** Serial No. 

reference. * ' ' dlsc,osure of wh "* « incorporated herein by 

BACKGROUND OF THE INVENTION 

[0002] This invention relates to pumps and to methods of pump control/and particularly to a 
Piston pump for administering liquids to a patient through a flexible tube and to a method of 
control of such a piston pump. 

[0003] Sys tems for administering liquids to a patient are widely known. However, a variety 
of chfferent pumps are available for propelling a liquid to a patient, which may differ, among 
others, in the manner and the principle in which they operate. 

[0004] The present invention is concerned, in preferred embodiments, with two aspects of a 
system for administering a liquid to apatient. In a first aspect, the invention provides a 
pumpmg mechanism for a pump of the aforementioned type. In a second aspect the 
mvention provides a method of control of a liquid administering pump. 

SUMMARY OF THE INVENTION 

[0005] The invention provides, by a first of its aspects, a piston pump for propelling liquid 
through a lumen of a flexible tube segment. The pump includes a first tube-clamping 
member, a first set of tube squeezing members, a second tube clamping member and a second 
set of tube squeezing members. The members are preferably arranged in a direction fiom 
upstream to downstream. Further, the pump includes a synchronizing arrangement for 
acnvanng the members in a sequential order such that fluid in the tube is displaced in a 
downstream direction. 
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, nfthe elemen ts ensures continuous and repeatable 
[0006] The sequential activating order of the elemen 

operation of the pump, and comprises the folding steps: ^ 
(a) activating the second tube-clamping member into blocking th 
w u _ the tube' s lumen; 

rb) activating the second set of tube squeeze g expansi on of the 

tube portion and the first set of tube squeezing members to allow p 

.especnvembe^rU^ 

aetivatmg the first tube-clampmg lumen , and the second 

bating the second clampmg member to open the 
set of tube squeezing members to allow expansion of the respectiv 

■ 

^ to constrict the respective tube 

(e) acttv«ta g 4efir,.~«>f« 1 " s *» e2mg,,,0nberS 

pwn .< wm be noted, however, « - ^T*" ^ of perfonnin* 0. steps. 

p.ovK.ed for convenience only and do no. tnply P 
[0008] Acccrdins to one preferred — ~ ^ second se, ere 

displaced along an axis normal to a longitu saueezmg members can be either 

blocked position. Optionally, the pressing surface of the squeezmg 

flat or designed shaped for designed of the first set of 

rnnno! According to still a preferred embodiment, the sectional 

[0009] Accoromg . . , «f saueezmg members. By a 



(c) 
(d) 



3 9] ^^ tOSbUaPr ^^ es ^ seto fsqueezingmembe«^ Byan 
squeezing members is about twice ^ member associated with a 

— " r damping members clamp the tube 

door of the pump, wherem the first and seco associated at least 

. _ p„rther the pump mcludes a tlexiDie era" 
against the counter member. Further, the p P supports the tube at 

with the first and second tube-squeezmg member. The ^ 
.astattheexpandedposition — ~ 

squeezing members, the tube .s pressed between the craa 

squeezing members so as to comprises a cam and follower mechanism 

, 10] ^esvr.chronizh^arrang^erit^^^ 

associated with each of the members, and a revolving 
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lumen. According to one possible arrangement, there are a number of eccentric members 
mounted on the axle. The eccentric members are operable to engage the tube clamping and 
the tube squeezing members, respectively, for imparting reciprocal axial displacement to 
them m a direction normal to the longitudinal axis. Preferably, the eccentric members are 
normally biased to engage the tube. 

[001 1] By another preferred embodiment, the present invention includes a disposal flow set 
mcludmg a drip chamber, an administration tube, a valve and a number of squeezing 
segments. Each squeezing segment preferably deludes a stopper in each end. The stoppers 
are used for locating the segment in the pumping unit When a segment loses its flexibility 
another segment can be used. 

[001 2] By another preferred embodiment, the present invention includes a motor for rotating 

the axis on which the cams are located. 
[0013] According to a second aspect of the present invention, there is provided a motor and a 
m.cro-controller to contro! motor revolutions in order to achieve an unproved linear delivery of 
the liquid and to prevent pulsation effects. The micro-controller controls motor revolutions by 
using the following algorithm: 

(a) the motor revolution is divided into a number of steps; 

(b) a controller rotates the motor, sequentially from first step to last step of each 
revolution, wherein each step or a group of steps has an individual speed and an 
individual pause time between steps or a group of steps; 

(c) the liquid flow, in the output of the pump, in measured in each step and 
pause; and 

calculating or changing the speed of each step and duration of each pause, to have 
the desired flow function. 
[0014] The algorithm can be used sequentially during the pump work, or can be used for 
calibration to obtain a revolution function - speed and time for each step and pause - and then 
use the obtained function to revolve the motor in further work. 
[0015] According to another aspect of the present invention, there is provided a sensor unit 
for sensing the presence of gas cavities in a liquid flowing through a lumen of a flexible tube 
segment. The sensor comprises a transmitter unit having an arced transmitter plate with an 
apex extending along a line defining a first axis and a receiver unit having an arced receiver 



(d) 
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plate with an apex extending along a line denning a second axis. The two plates are 
preferably oppositely arced with their apexes facing one another defining a sensing space 
between them, the first and the second axes being essentially perpendicular to one another 
Typically and preferably, the sensor is ultrasonic. 
[0016] By second preferred embodiment, the tube extends through the sensing space such 

that each of the arced transmitter plate and the arced receiver plate contacts the tube 
[0017] By another preferred embodiment, the present invention includes communication 
capabmty enabling it to use any communication infrastructure to deliver information and 
receive commands. 

[0018] By another aspect, there is provided a dripping sensor for sensing and counting the 
drips inside the drip chamber. 

[00 19] By another aspect, there is provided a sensor unit for a pump adapted for determining 
the pressure of a liquid flowing within a flexible tube segment The sensor comprises a tube 
receding space formed by walls engaging at least a portion of the tube while it is received 
^thm the space. Preferably, a sensing member projects into the space for determining 
deformation-resistance of the tube. 
[0020] Preferably, the sensing member comprises a plunger associated with a strain gage 
The tube receiving space is defined, by a preferred embodiment, between four walls defining 
a rectanguJar shape, and the plunger projects through one of the walls. By one specific 
deagn, the tube receiving space is defined between two or more arced surfaces 
[0021] Prefers at a non-pressurized state of the tube, there remains a known clearance 
between the walls of the tube receiving space and the tube, whilst the tube is also deformed 
by the plunger at a non-pressurized state thereof. 
[0022] m another aspect, the present invention provides a pump for propelling liquid through 
a lumen of a flexible tube segment The pump includes a first tube-clamping member, a first 
set of tube squeezing members, a second tube-clamping member, a second set of tube 
squeezing members, wherein the members are arranged in a direction from upstream to 
downstream, a motor and amotor control in operative connection with the motor. The motor 
control provides energy input to the motor to drive the motor and receives feedback from the 
motor of motor function. The motor control includes a motor control protocol that controls 
the energy input to the motor based upon the feedback received from the motor. The motor 
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control protocol causes a rapid increase in energy provided to the motor if motor feedback 
indicates an unusual load on the motor. The pump can also include a synchronizing device 
operably associated with the motor and the members. The synchronizing device is operable 
to activate the members in a sequential order such that fluid in the tube is displaced in a 
downstream direction. 

[0023] Pumps and flow sets in connection with which the motors and motor controls of the 
present invention can be used are described, for example, in Published U.S. Patent 
Application Nos. 2002/01271 14 Al and 2002/0177821 Al, the disclosures of which are 
incorporated herein by reference. The motor control protocol of the motor control can, for 
example, increases the energy supplied to the motor in a predetermined manner for a ' 
predetermined period of time. If motor feedback indicates an unusual load on the motor at 
the end of this period of time the motor control protocol causes a rapid increase in energy 
provided to the motor. 

[0024] The motor control protocol can first cause a decrease in energy proved to the motor 
before causing the rapid increase in energy. In one embodiment, the energy is decreased to a 
minimum level and then rapidly increased to a maximum level for a period of time. 

[0025] The motor control protocol can repeat the decrease in energy and subsequent rapid 
increase m energy a predetermined number of times if motor feedback indicates continued 
abnormal function of the motor. 

[0026] In another aspect, the present invention provides a motor and a motor control in 
operate connection with the motor, wherein the motor control provides energy input to the 
motor to drive the motor and receives feedback from the motor of motor function. The motor 
control mcludes a motor control protocol that controls the energy input to the motor based 
upon the feedback received from the motor. As described above, the motor control protocol 
causes a rapid increase in energy provided to the motor if motor feedback indicates an 
unusual load on the motor. 

[0027] In still another aspect, the present invention provides a method of controlling a motor 
of a pump, including the steps: providing energy input to the motor to drive the motor; 
receiving feedback from the motor of motor function; controlling the energy input to die 
motor based upon the feedback received from the motor; and rapidly increasing tie energy 
provuied to the motor if motor feedback indicates an unusual load on the motor 
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[0028] As described above, the energy provided to the motor can first be decreased before 
beingrapidlyincreased. In one embodiment, the energy is decreased to a minimum level and 
then rapidly increased to a maximum level for a period of time. 

[0029] The energy supplied to the motor can, for example, be increased in a predetermined 
manner for a predetermined period of time. If motor feedback indicates an unusual load on 
the motor at the end of this period of time, the energy provided to the motor is then rapidly 
increased. 

[0030] If after an initial decrease in energy provided to the motor and subsequent rapid 
increase in energy provided to the motor, a decrease in energy and subsequent rapid increase 
in energy can be repeated a predetermined number of times if motor feedback indicates 
continued abnormal function of the motor. 

[0031] The motor can, for example, be operated in an MR environment During operation in 
and MR environment, the abnormal function of the motor can be a result of an MR magnetic 
field. 

[0032] In one embodiment, energy provided to the motor is increased in steps of a preset 
mcrement of time during the predetermined period of time. The energy supplied to the motor 
can, for example, be increased to its maximum level in a single step if motor feedback 
indicates an unusual load on the motor at the end of the predetermined period of time (during 

whchenergytomemotorisrelativelygraduaUyincreasedasdescribedabove). Asalso 
described above, the energy provided to the motor can be decreased before being increased 
In one embodiment, the energy is decreased to a minimum level and then increased to a 
maximum level in a single step. As also described above, after an initial decrease in energy 
provded to the motor and a subsequent increase in energy provided to the motor, a decrease 
in energy and subsequent increase in energy can be repeated a predetermined number of times 
if motor feedback indicates continued abnormal function of the motor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] * understand fcemventionan^^^ a 

preferred embodiment will now be described, by way of non-limiting examples only, with ' 
reference to the accompanying drawings, in which: 
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Fig. 1 is an isometric view of a pump in accordance with the present invention comprising a 
receptacle door being opened prior to engagement with a tube segment; 
Fig. 2 is an illustration of a disposal flow set; 

Figs. 3a-3d show, in isolation, the piston mechanism, in continuous consecutive phases of the 
pump's operation; 

Fig. 4 is a sectional view of a pressure-sensing unit for incorporation in a pump of the 
aforementioned type; 

Fig. 5 is a perspective, exploded view of a gas detection sensor for use in a pump of the 
aforementioned type; 

Figs. 6A and 6B are side views of the device seen in Fig. 4 rotated by 90°; 

Fig. 7 is a graphical illustration of several pump control protocols for use with the pumps of the 
present invention; and 

Fig. 8 is a block diagram of one embodiment of a pump of the present invention and a battery 
charger for use therewith. 

DETAILED DESCRIPTION 

[0034] Reference is first made to Fig. 1, in which a piston pump (generally designated 10) is 
shown, comprising a housing 12, having a user interface unit 14 and a pumping assembly 
(generally designated 16). Typically, user interface 14 comprises a keypad 18, for input of 
data such as flow rate, flow time, etc., and to initiate or stop the pump, and a display 22 . 

[0035] ^epumpingassemblyiecomprisesadoorSOpivotallyengagedatpivotstoa 
support structure of the pump (not shown). Door 30 comprises a release lever 35, a biasing 
spnng (not shown) and an engaging hook portion 38 adapted for engagement with a 
corresponding lateral shoulder of a locking recess formed in the housing 12. 

[0036] Door 30 carries also a counter member 1 5, which in the present embodiment is spring- 
b,ased by means of springs 52. The counter member 1 5 may be a rigid bar covered by a layer 
of flexmle material, or it may also be made of a flexible material, e.g. a bar of silicon rubber, 
etc. The purpose of this counter member 1 5 will become apparent hereinafter. 

[0037] The housing is formed with a receptacle 41 for receiving a segment - between two 
stoppers 63 - of a flexible tube 62 of a flow set 34, such as of a drug administration set, etc. 
The receptacle 41 extends across the housing 12 between openings formed in the sidewalk of 
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, *i a lso formed with two-well shaped portions and a major 

—"** P< "° 0n - * " mbe 6, within 0>e receptee,, 4! st me openings 

55 for depress and posmonrng tew micro 5witoh (not shown, fo, 

fusing. Fmdmnnore, the receptee may be *»^«"* of te 

tn ttie control unit of the pump, indicative ot engagero 
generating a signal to the control ovided to indicate proper 

* ^ +v.„ tiiHe Suitable sensor means may aiso uc F i 
with a segment of the tube. Suitab ^ ^ ^ ^ ^ fa ^ 

closure of door 30. Two openings 37 are formed o ^ 

housing 12 to locate two parts of an air sensor. A pressure sensor 

12 between two sides of the tube 62 . m order to lister a 

,038] Fig. 2 illustrates a disposal flow, set for u* w£ P P ^ & ^ 

^ « ^ An includes an administration tune o i , wmon r 
liquid. The flow ~ « ., by „„ sU>PP « 63. The Stoppers 

of pumping segments 62 wherein each segm „ d when a segment loses its 

63 „c nsed to toes, one of me . ^ chamber 

64 that can oe us, -n,„ firvu, set 60 includes a valve 65 and a 
chamber using a drip sensor (not shown). The flow set 60 inc. 

connector 66 to connect the set to • P-£ ^ consecutive 

[0039] Figs. 3a - 3d show, . ^ clamping me mber 7 1, a first set of 

phases of the ^^^^1^ 77 , a second set of squeezing members 
^uigmembers 76, a second P g to elevate and to 

78, and an ax 1S 74 with a number of eccentric cams _ to clamp and squeeze a tube 

lo wer each member according to the pumping sequence in order to clamp an 
segment 62 to administer the liquid flow 73 from right to left. 

/~r? ' ^ the, axis 74 with the eccentric cams 75, is revoivc 
[0040] in a first step, (Fig. 3a) die axis 74, ^ ? ^ hereby the 

position that elevates the first clamping member 71 by an 

, damns the right end of the tube segment 62. maruixn ^ 

first clamping member clamps me n&u . me mbers are elevated by 

,b, me axis 74 ermnm.es ,m revohmon end mo - ^ 62 ^ foree „« 

Uouid 73 to move ten. ur me next -» „ cam ,5c snd Camps me 

„is 74, the seoond clsmping member 77 rs elevated by „ ueeztag set 78 

«„, sogmen, 62 in Ore teft end of die soneezed men. Meenwhde, me second so 
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down to ensure the continued flow of the liquid 73. 

[0041J ■"^taee,ueuflal st ep(Fi g .3dXbytoeco„ li „»fl„o„ fl h eKis74torev()lve 
spd t* of mm ^ „ embm 78 „„ ^ ^ fc ^ ^ 

*7!,"*" 76 ^ — '1 - ■owered by .he 

— W. »d 75h .While the «. s Htrufd 73 is pushed to the tofl, . new fiquid 7P fiom 

™, ( r show ° , f *• ** ■*- d - ° f *° * — «• -* * «« - 

»f *e Puutp when th c ^ sa of ^ g ^ 7S ^ fc 
-number 77 ttre lowered aod the fin* ohtmpng „ ls eIevate(I 

(0042J f^P«*n^ce,p,e^l ylh o^oeez^ si2 e^„, l ho fil , tMofso _ 

HI! n *" ** " * S, ^° 8 ^ *"* ° f — - " « 

ZSfT "r "T-*- - ° f » • *— diroenon, where 
% volume of Uqmd renewed within ft. ^ ^ ^ ^ ^ 

squeezing members 76 serves us a reservoir of liqmd. 

[0M3) *, ^l 0 *"" "* a ° 8Ula " y ^ «"""«« - - — of me earn tofloweu, 
eoosumto the mhe dumping „emh„, me « „ ore other _ fo „ owm J 

eecond tobe dampmg member, severs! other cam Mow*, ^ ged fa ^ 

— the fire, se, of tube squeezmg members, tmd sevend olher „ mmas 

blueing « follower, engage the respect™ mho segme* so as to esaenflafly Hock fte 

r^T7 *' h " ! ' ^ f °"° We,S "* "~— «*• - 

otfiy P^aUy squeeze the tube's lumen. This may be .thieved by mflbrenfly fomfing the 

mbe-engaging surface of the cam follow^ „ by shoranfa8 ^ „ 

ionns of the cams. 

[0045] M Fig. 4 of the drawings, there is illustrated a pressure sensing device 1 70 

mcorporated into the pump in accordance with the present invention, or other liquid 

abating pumps , and is suitable for placing within one of the cavities 46 or 48 formed in 
the housing 12. seasOT ^ 170 , ^ ^ 

comfortably accommodate tube 62, with a suitable counter member 50 closing the structure 
from above. A plunger 174 projects into the space 176 confined within the U-like 
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receptacle 172 through a suitable opening at a bottom wall thereof 178 and is associated with 
a pressure sensing gauge 1 80, e.g. a piezo-electric gauge, string gauge, etc., for detecting 
pressure applied thereto by the tube 62, depending on its internal pressure applied by the 

liquid flowing through its lumen. 
[0046] The arrangement of the sensor 1 70 ensures that local deformation of the tube is 

converted into terms of pressure without influence of overall deformation of the tube caused 

by the internal pressure of the liquid, this owing to the support walls of structure 1 72 

preventing undesired deformation of the tube. 
[0047] Figs. 5 and 6 illustrate a sensor for detecting the presence of gas, typically air, flowing 

within the liquid carrying tube. The device (generally designated 190) is suitable for insertion 
within one of the cavities 46 or 48 of housing 12 and comprises a transmitter unit 192 having 
an arced transmitter plate 196 and a receiver unit 194 having an arced receiver plate 198, with 
the two plates 196 and 198 being oppositely arced with their apexes facing one another 
defining between them a sensing space 200 (Figs. 6A and 6B). In order to achieve sensing 
focus, the two plates 196 and 198 are preferably perpendicular to each other. Typically, the 
sensor is ultrasonic. 

[0048] The arrangement is such that the entire cross-section of the tube is covered by the 
ultrasonic waves, thereby any air cavities, even if significantly small with respect to the cross- 
section of the tube, and even if not flowing axially centered within the tube, are detected. 

[0049] In several embodiments, the pumps of the present invention are particularly well 
suited for use in a magnetic resonance environment. In general, most of the pump 
components can be readily fabricated from MR compatible materials as discussed, for 
example, in Published U.S. Patent Application No. 2003/0014035 Al, the disclosure of 
which is incorporated herein by reference. As used herein, the term "MR compatible" refers 
generally to materials and devices that do not substantially adversely affect the magnetic 
resonance imager and which are not substantially adversely affected by the magnetic 
resonance imager. 

[0050] Magnetic resonance imaging (MRI) is used to image the body in a non-invasive 

manner. There are three types of electromagnetic fields used in MRI: a main static magnetic 
field (having field strengths from, for example, approximately 0.2 to several Tesla) which is 
generally homogeneous in the imaged volume; time varying magnetic gradient fields (G„ G y 
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^ GO, wMch have differ, orienttto „, ^ at fre^cies „„ *. „ rie r of , kHz- 

tor a 1 .5 Tesla static field strength). 
[005.] MRI is often schedu.ec! to image patients that may be attached to other types of 

SUCh " VeQtilat0rSl Whltal PUmPS ' ° r 0thCr H — • -st currently 
arable devices fail to operate correctly in the high magnenc fields generated in MRI, create 
undesirable artifacts in the resuhant image, and/or contain ferrous materials that are 
-ceptiWe to magnetic fields. As a result, there are a substantial number of MRI procedures 

7 "IT* d6layed OT ^ — * connected to 

■he needed equipment during the MRI procedure. A review of issues related to the 

compatibility of various equipment in an MRI environment is set forth in Keeler, E.K. et al 

ri 9 lT, Eql ; iPment C ° nS,dCratl0nS to MRI Cor.paub.Hty," JMRI, *, , " 

(1998), the disclosure of which is incorpomted herein by reference. also, Lemieux, L. et 
al Recording of EEG During MRI Experiments: Patient Safety," MRM, 38, 943 (1 997)- 
an A Primer on Medical Device Interactions with Magnetic Resonance Imaguig Systems," 
US Food and Drug Administration - Center for Devices and Radiological Health 
(February 7, , 997), the disclosures of which are incorporated herein by reference. 

eLc rr 1 ' ^ ^ inClUdmg ^ ^ ^ t0 ^ W that contain 
^ actuators such as DC brush motors, step motors, brushless DC motors or other wound 
cod motors and solenoids, often fail in a strong magnetic field as a result of damage to 
mterna, permanent magnet, Moreover, currents induced within the field windings of such 
devices from electromagnetic fields can cause overheating and potential damage to the 
wmdmgs and any connected electronic circuitry. The MRI magnetic field can also interfere 
lth dCV1CC Created ^gn** field and prevent accurate operation 

[005 el FUrthem r " ma8DetiC PenneabiHty ° f materfaIS ^ *e actuator and 

TlZ™ aCtUat ° r « «** - ^ogeneityor uniformity of 

the MRI magnetic field, generating image artifacts. Actuators that use mechanical 

commutation, such as DC brush moton, can also generate radio frequency energy during 

swUching which can induce unwanted artifacts „n«n ■ 

wiea artitacts upon the acquired MRI images. Shielding of 

actuator such as electric motors reduces the adverse effect MRI magnetic fields. 
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[0054] At low flow rates, it has been discovered that even with shielding of certain pump 
components the magnetic field of the MRI device can adversely affect the operation of 
pumps, including the pumps of the present invention. In general, the pumps of the present 
invention require the highest power input during starting of the motor. Substantial increases 
in power consumption have been measured over short periods of time (a few milliseconds) 
under such conditions. The problem is more significant at very low infusion rates, as the 
motor is stopped and restarted frequently during low infusion rates. In the MRI environment 
(that is, in the vicinity of a magnetic resonance imaging device), the MR magnet exacerbates 
the problem by loading the motor and motor gearing during the relatively short starting 
period. 

[0055] Initially, the motor and motor gear (if metallic) is preferably shielded by, for example, 
inserting a ferromagnetic shield or shields over the motor and motor gear. DC motors are 
typically shielded, but the motor gear is left unshielded. If the gear(s) are made of metal, the 
gears will become magnetized in an MRI environment, and the gear shafts will be deformed, 
forcing them out of balance. Furthermore, operation of an unshielded motor gear in an MR 
environment over time causes damage to the unshielded motor gear and current draw will nse 
substantially. Eventually, the pump will fail. Thus, any metallic motor gear to be used m an 
MR environment is preferably shielded as described above. 
[0056] In addition to shielding metallic motor gears, it has been discovered that certain motor 
control protocols as illustrated, for example, in Figure 7 substantially reduce or eliminate the 
occurrence of pump errors or malfunctions during operation in an MR environment. In one 
embodiment, a motor drive control protocol of the present invention was based on steps m 
which each step is change (increase or decrease) in voltage (or current) as compared to a 
previous step. Using feedback control, the motor steps input to the motor are a function of a 
predetermined control protocol and a measured motor function or output. 
[0057] In general, energy applied to the motor is preferably increased under a control protocol 
as necessary to provide adequate power to perform a task, but providing power in excess of 
the required power is preferably avoided to assure relatively smooth and continuous turning 
of the motor. Such a control protocol minimizes noise and pulsation in the flow created by 
the pump. Preferably, motor speed or spin rate is monitored (for example, via posttion 
encoding as known in the art) and feedback is provided to a motor control (see Ftgure 8). The 
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motor control can, for example, include a microprocessor including a memory in which a 
motor control protocol or algorithm is stored. Under one embodiment of a control protocol, 
energy supplied to the motor can, for example, be increased or decreased (for example, m 
small steps) depending upon the desired motor speed (determined by a desired flow rate) and 
measured motor speed until an "optimal" energy input as described above is achieved. 
During normal pump operation, increases or decreases in motor steps are limited in time. 
That time determines the shape or slope of the motor curve (time vs. voltage (motor steps)). 
[0058] Under a first motor control protocol or motor control protocol 1, as illustrated in 
Figure 7 energy to the motor was increased according to a predetermined motor curve. 
However, errors occurred often during operation in an MR environment as the load placed on 
the motor by the MR magnetic field(s) caused the motor to not reach full output power in a 
designated time period (for example, 40 time units wherein each time unit is 0.25 seconds). 
In one embodiment of motor control protocol 1 , energy/power was increased or motor step 
was mcrease d in increments of 0.25 msec when the motor was instructed by the motor control 
processor to move in the case that the previous step was not adequate to cause motor 
movement. An error (designated Error 1) occurred when the motor failed to move (turn) in 
the predetermined time frame of 40 time units. A motor curve for motor control protocol 1 
resulting in Error 1 is illustrated in Figure 7. Under a second motor control protocol or motor 
control protocol 2, the slope of the motor curve was increased to increase energy supplied to 
the motor over a shorter period of time: Under motor control protocol 2, the maximum motor 
step is supplied to the motor after a shorter period of time than under motor control 
protocol 1 . Reducing the time required for the motor to reach maximum motor step was 
found to decrease the frequency of Error 1 , but did not eliminate the error in all cases. In that 
regard, occasionally the motor failed to turn even after maximum motor step (maximum 
energy input) was reached for a set period of time. 
[0059] Under a third motor control protocol or motor control protocol 3, the motor steps were 
increased to initially follow the general curve of motor protocol 2 for a predetermined period 
of time (for example, 1/3 of 40 time units in the embodiment of Figure 7). If the motor 1S 
operating normally, the motor will reach a suitable spin rate in the predetermined time and no 
change from the motor curve of motor control protocol 2 will occur. However, if the motor 
fails to turn, the energy supplied to the motor is preferably first decreased (for example, to the 
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overcome the resistance to turning. 
[0060] The rapid increase in enerev annlJr-H 
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All changes and variations that come withm the meaning an 
claims are to be embraced within their scope. 
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